Photonic crystals (PCs) can provide unprecedented control over both the emission and the propagation of light, allowing important applications in, for example, infrared telecommunications. [1] [2] [3] However, fabrication and characterization of PCs is challenging owing to the large refractive-index contrast that is needed to open up a photonic bandgap. [4] Here we demonstrate that microradian X-ray diffraction can be used to characterize various (inverse) PCs with lattice spacings as large as 1.3 lm at different stages of their fabrication. We have even fabricated non-close-packed (non-cp) PC structures by selfassembly of colloidal microspheres in an external electric field. Inverse PCs have been obtained by infiltration of the colloidal-crystal templates with amorphous silicon. The size of the colloidal particles allows us to characterize the internal 3D structure of these crystal templates in both real and reciprocal space. PCs are structures in which the refractive index varies periodically in space on a length scale comparable to the wavelength of light. [3] If the refractive-index contrast is large enough, PCs can have a photonic bandgap, which is the photonic analogue of the electronic bandgap in semiconductors. [5] [6] [7] A promising route towards relatively cheap PCs with many crystal layers is colloidal self-assembly. Monodisperse microspheres can self-assemble into 3D periodic arrangements, analogous to thermodynamic crystal phases. [8] These colloidal crystals are then used as templates for infiltration with a high-index material, such as silicon, after which the original template is removed by a wet chemical etch. [9, 10] The multistep fabrication process can significantly affect the final 3D structure of the PC. Therefore, it is important to structurally characterize the PCs at every stage of their fabrication. The colloidal-crystal templates can be characterized in three dimensions using optical techniques, such as confocal microscopy, after refractive-index matching using a suitable liquid. [11, 12] However, index matching is not an option for (silicon) infiltrated PCs. Moreover, even for dry crystals, which can be index matched at visible wavelengths, it would still be very useful to have a 3D characterization technique that does not involve index matching. The infiltration of the crystal with a liquid and subsequent removal of this liquid might affect the 3D structure. Because of the relatively weak interaction of X-rays with matter, X-ray scattering is an excellent tool to probe the internal structure of these PCs, as has been demonstrated for sub-micrometer lattice spacings. [13, 14] The challenge for X-rays stems from the dramatic difference between the X-ray wavelength (ca. 1 Å) and the colloid diameter (ca. 1 lm), leading to tiny diffraction angles of the order of 10 -4 rad. However, it has recently been demonstrated that the required microradian angular resolution is attainable. [15, 16] Here, we demonstrate that microradian X-ray diffraction yields clear information on the 3D structure of PCs from the position and the height of the Bragg reflections.
Colloidal crystals with a non-cp, body-centered tetragonal (bct) lattice structure were fabricated by sedimentation of a colloidal dispersion of 1.1 or 1.4 lm diameter silica spheres in an AC electric field perpendicular to gravity. [17, 18] Once a crystal was grown, the particles were immobilized using a polymerization process, allowing the electric field to be switched off without the crystal losing its then metastable bct structure [18, 19] (see Experimental). Close-packed (cp) crystals of similar spheres were obtained by vertical controlled drying. [9, 20] The silica templates were characterized by confocal microscopy and scanning electron microscopy (SEM). Some samples were infiltrated with amorphous silicon by low-pressure chemical vapor deposition (LPCVD). [21] opean Synchrotron Radiation Facility. The setup was aligned such that an image of the source was created at the detector screen, thus increasing the q-space resolution, which is necessary to measure Bragg reflections at very small angles. Furthermore, in most experiments, X-rays were allowed to propagate freely towards the sample, after which the transmitted and diffracted beams were focused by a compound refractive lens positioned just after the sample. [15, 16] We analyzed the diffraction data in terms of a hexagonal lattice. The reason for this is that all our crystals, as is often the case in colloidal self-assembly, consist of stackings of hexagonally packed layers, which orient parallel to the substrate. In bct crystals these layers are ABAB bridge-site stacked, yielding lines of particles in a real-space z-projection (see Fig. 1a ). The conventional bct unit cell, the direction of the electric field E, the laboratory xyz-frame, and the real-space lattice vectors a 1 , a 2 , a 3 are given in Figure 1b . The cp structures, on the other hand, consist of hollow-site stacked layers with three possible lateral positions: A, B, and C (see Fig. 1c ). The 2D reciprocal lattice of a single hexagonal plane is hexagonal and can be generated by two basis vectors, b 1 and b 2 (Fig. 1d) . The 3D reciprocal lattice depends on the stacking of the layers. Any scattering vector can be decomposed into q = hb 1 + kb 2 + lb 3 , where b 3 is taken along the z-direction with a length b 3 = 2p/d determined by the interplanar spacing d. This non-primitive, reciprocal-space unit cell facilitates easy comparison between the scattering by cp and bct structures.
Note that the third Miller index l can take fractional values, [22] whereas h and k still have to be integers. [23, 24] For any given crystal orientation, only lattice points in reciprocal space that are intersected by the Ewald sphere are probed. As our colloidal particles are typically 10 4 times larger than the X-ray wavelength, the Ewald sphere [23, 24] is nearly flat and oriented perpendicular to the incoming X-ray beam. At normal incidence (l = 0), interference is constructive for bct structures if (h + k) is even and destructive if (h + k) is odd (see Fig. 1d ). For odd (h + k), the stacking-induced phase difference between the layers is compensated at half-integer values of l, which can be reached by specific sample rotations (see Fig. 1e ). For a cp crystal at normal incidence (l = 0), interference is always constructive for (h -k) divisible by three (see Fig. 1f ). Figure 2a presents the normal-incidence (l = 0), X-ray diffraction pattern of a seven-layer bct crystal in a mixture of water and dimethylsulfoxide (DMSO). As expected, reflections for which (h + k) is even are much stronger than those for which (h + k) is odd (see Fig. 2c ). It is convenient to compare reflections at the same distance from the direct beam. In that case, no form factor correction is necessary to compare peak intensities. Forbidden reflections are still slightly visible, since destructive interference is not complete in bct if the number of layers is odd. This becomes especially apparent if The real-space lattice vectors are labeled a 1 , a 2 , and a 3 . c) Projection of an fcc (face-centered cubic) structure along the z-axis, revealing ABCABC hollow-site stacking. In panels a-c, the spheres have not been drawn to scale for clarity. d,e) Cross sections through the bct reciprocal lattice along the hexagonal (xy) plane (d) and the xz-plane (e). The black dots correspond to integer l and the white dots to half-integer l. The reciprocal lattice vectors are labeled b 1 , b 2 , and b 3 . Furthermore, the Ewald planes for an angle of incidence of 0°(solid line) and 18.43°(dashed line) are shown in (e). f) Hexagonal (xy) plane of the reciprocal lattice of a cp crystal. At normal incidence (l = 0), only the stacking-independent lattice points in reciprocal space (black dots) are probed. (210) or (21½) reflections, as indicated in (a) and (b) by a red line. Both reflections are at the same distance from the direct beam, which means the value of the form factor is equal for both reflections. In both graphs, the maximum intensity (I) of the highest peak was scaled to 100. the number of layers is small. Note that the microradian resolution of the setup allows us to resolve even those Bragg reflections that are very close to the direct beam, such as the (1 10) reflection at a diffraction angle of only 72 lrad. To further clarify its structure, the bct crystal was rotated to vary the angle of incidence of the X-ray beam. Single-scattering theory predicts that the (2 1l) reflection, which is forbidden for l = 0, should show up if the sample is rotated over an angle of 18.43°around the vertical y-axis. Indeed, the (2 1½) reflection is observed and seen to be nearly as strong as the (1 1 0) reflection (Fig. 2d) . The (1 1 0) reflection is still visible in Figure 2b because it is on the axis of rotation (see Fig. 1e) .
One of the major advantages of X-rays is that the internal 3D structure of samples with a large index contrast in the visible region can still be probed. Figure 3a shows a normal-incidence (l = 0) X-ray diffraction pattern of an approximately six-layer cp crystal of silica spheres in air. The reflections for which (h -k) is divisible by three, like the six reflections of the (110) family and the six reflections of the (220) family, are much stronger than the other reflections, as expected (see Fig. 1f ). Note that (h -k) is also divisible by three for the six reflections of the (300) family, but these appear close to the third minimum of the sphere form factor, reducing their intensity significantly. The appearance of forbidden reflections, like the six reflections of the (100) family, can be attributed to the finite number of layers and/or the possible stacking disorder. [25] The refractive-index contrast can be enhanced even further by infiltration of the crystal with amorphous silicon. Figure 3b shows a similar diffraction pattern of an approximately 20-layer cp crystal, which was partially infiltrated with amorphous silicon (estimated layer thickness 21 nm). As in Figure 3a , the dominant features are the six reflections of the (110) family and the six reflections of the (220) family (see Fig. 1f ), demonstrating that cp crystals can be silicon-infiltrated by LPCVD without causing any significant damage.
The forbidden reflections are less pronounced than in Figure 3a , which is due to the larger number of layers. Finally, Figure 4 demonstrates that X-ray diffraction can be used to characterize even non-cp PCs at various stages of their fabrication. Figure 4a shows a normal-incidence X-ray diffraction pattern of an approximately 15-layer bct crystal of 1.4 lm diameter silica spheres in a water-DMSO mixture. We can check that the structure is bct in real space by looking at a z-projection of a confocal 3D scan spanning six crystal layers, clearly revealing bct bridge-site stacking (see Fig. 4g ). After solvent evaporation and subsequent refilling for index matching, confocal microscopy measurements did not indicate that the crystals suffer any serious damage upon solvent evaporation (see Fig. 4h ). This was confirmed by X-ray measurements (see Fig. 4b ), although the intensity of the forbidden reflection (1 20) seems slightly larger. The latter suggests that only a very small part of the crystal, if any at all, has a cp structure (see Figs. 1f and 3 ). Owing to the large capillary forces applied during solvent evaporation, slippage of a layer from the bridge sites to the hollow sites can cause part of a crystal to relax from bct to cp.
Once the crystals have been infiltrated with amorphous silicon, it becomes impossible to characterize their 3D structure quantitatively in real space. Figure 4i shows an SEM image of an infiltrated bct crystal that was cleaved after infiltration. The space in between the spheres has been filled with silicon and the hexagonal layers are still ABAB stacked. The crystal seems to have taken quite some damage, but this might have been caused by the cleaving as well. One of the advantages of X-ray diffraction is that it can probe the 3D structure in situ. Furthermore, it yields macroscopically averaged structural data, whereas SEM only provides information on a small part of the surface. Figure 4c shows the diffraction pattern of a similar, seven-layer crystal. Although the bct fingerprint is still visible in the diffraction pattern, the forbidden (2 10) reflection is nearly as strong as the allowed (1 1 0) reflection, which means large parts of the crystal are no longer bridgesite but hollow-site stacked. The inset of Figure 4i indeed shows that the bottom two layers are hollow-site stacked, which is probably due to adhesion of the particles of the bottom layer to the glass substrate.
From a projection such as Figure 4g , we can determine in real space the ratio a of the distance between the lines of particles and the distance between the particles in a line. This ratio a can also be determined in reciprocal space by comparing distances along the (1 10) and (110) directions. For a perfect bct crystal with touching spheres, a would equal √3 . From the X-ray diffraction pattern shown in Figure 4a , a value for a of (1.023 ± 0.002) √3 can be extracted, whereas confocal microscopy on the same sample yields (1.017 ± 0.005) √3 . The values for a agree quite well and they both indicate that the hexagonal planes are compressed along the direction of the external electric field. [18] We have demonstrated that X-ray scattering is an excellent probe of the internal 3D structure of cp and non-cp colloidal PCs with lattice spacings of the order of a micrometer. For ex- ample, using this advanced scattering technique, we have found that the 3D structure of non-cp colloidal crystals can be significantly altered in going from dried to silicon-infiltrated crystals. Furthermore, for the first time, we have performed a comparison of both real-space and reciprocal-space 3D structural data of similar colloidal crystals. Up until now, we have only considered the position and the intensity of the diffraction peaks. The microradian resolution of our X-ray diffraction setup also allows accurate determination of the width of the Bragg reflections. Thus, important information on the presence of defects and long-range order can be obtained as well, even for samples that scatter strongly in the visible.
Experimental
Sample Preparation: All dispersions consisted of core/shell silica spheres [26] [27] [28] with a total diameter of 1.1 or 1.4 lm, as determined by static light scattering. Transmission electron microscopy measurements showed that the relative width of the size distributions was 2.5 ± 0.5 %. The 400 nm diameter silica cores of all the particles were labeled with fluorescein isothiocyanate (FITC). The bct crystals were fabricated from dispersions of such spheres in a mixture of water and DMSO (87 vol %) by sedimentation onto a glass cover slide (MenzelGläser, #1 cover slip, ca. 150 lm thick) in an AC electric field (ca. 70-140 V mm -1 , 1.000 MHz) perpendicular to gravity [17, 18] . As the sample cell volume was fixed, the number of layers in these samples was determined by the volume fraction of silica spheres in the colloidal dispersion (e.g., 16.5 vol % yields ca. 15 layers). The parti- . The numbers below the intensity scale bar are detector pixel values. The reflections in this figure appear to be much narrower than those in Figures 2,3 . This is because an undulator source instead of a bending magnet source was used. d-f) Line profiles taken along the red lines in the diffraction images. g,h) Projections along the z-axis of 3D confocal microscopy scans spanning six hexagonal layers of a bct crystal of 1.4 lm diameter silica spheres, both before (g) and after (h) solvent evaporation and refilling. i) SEM image showing the yz-plane, at a tilt angle of 45°, of a silicon-infiltrated bct crystal. The inset shows a top view (xy) of a similar crystal at larger magnification. The scale bar in the inset is 2 lm.
cles were immobilized by a polymerization process, which is the result of the interaction between the solvent and the glue that was used to seal the sample cells (Bison Epoxy Rapide) [18] . However, the sample used for Figure 4i was fabricated using a different polymerization process. In this case, the 1.1 lm diameter silica particles were dispersed in a 10.1 vol % solution of trimethylolpropane ethoxylate triacrylate (Sigma-Aldrich, average molecular weight = 428 g mol -1 ) in DMSO (Merck, > 99.6 %). Next, 10 lL of a 1.00 vol % solution of photoinitiator 2-hydroxy-2-methyl-propiophenone (Sigma-Aldrich, 97 %) in DMSO was added to 50 lL of the dispersion. The resulting dispersion was used for bct crystal growth [18] . The particles in the crystal were subsequently immobilized by illumination with UV light (UVP, UVGL-58, 365 nm, 6 W) for 2 min at a distance of approximately 1 cm.
Infiltration of the colloidal crystals was performed using LPCVD [21] . Disilane (Si 2 H 6 ) was used as the precursor gas. In a typical LPCVD run, gas flows of 10 sccm for the disilane gas and 100 sccm for the hydrogen gas were used. The temperature at the sample was approximately 450°C, the pressure was 0.020 mbar, and the reaction duration was 300 min. The LPCVD process results in the deposition of amorphous silicon, which has a refractive index that is slightly larger than that of crystalline silicon (3.59 instead of 3.5 [29] ). Before infiltration, the bct crystals were heated up to at least 425°C, at an average rate of 100°C h -1 at most. They were kept at the final temperature for at least 3 h in order to remove the polymer network, which was found to inhibit infiltration of the crystal layers below the top layer.
Sample Characterization: Confocal microscopy measurements were performed using a Leica TCS SP2 and TCS NT confocal scan head mounted on a Leica DM IRB inverted microscope. The crystal samples were index matched by infiltration with a mixture of water and DMSO (80 vol % DMSO) or a mixture of water and glycerol (Merck, 87 vol % glycerol). A Leica PL APO 100× (1.4 NA) oil-immersion objective was used, in combination with Cargille immersion oil (type B). The FITC was excited using the 488 nm line of an Ar laser. Dry and infiltrated crystals were (additionally) characterized using a Philips XL30FEG scanning electron microscope, operating at an accelerating voltage of 2-5 keV and a working distance of approximately 5 mm.
The synchrotron X-ray radiation was produced by either a bending magnet source ("DUBBLE") or an undulator source ("TROÏKA"). A typical photon energy of 11 keV (wavelength k = 1.1 Å) was selected using a Si(111) monochromator. At "DUBBLE", the diffraction patterns were recorded using a 16-bit charge-coupled device (CCD) camera (Photonic Science, Xios II) with a pixel size of 22.7 lm × 22.7 lm and an image size of 1270 × 1160 pixels. The q-space calibration of the photonic science camera was performed at "DUBBLE" using dry rat-tail collagen, yielding an inherent uncertainty in absolute q-space distances of 3 %. At "TROÏKA", a 12-bit CCD camera (Sensicam, PCO CCD Imaging) was used, with a pixel size of 6.7 × lm 6.7 lm and an image size of 1280 × 1024 pixels. The Sensicam camera was calibrated using a cp reference crystal, which had been measured at "DUBBLE" as well. Because of the limited dynamic range of CCD cameras, diffraction patterns were recorded several times with exposure times ranging from 1 s up to 10 min. The variation in exposure time and sample absorption complicates the comparison of the intensities of corresponding reflections in different diffraction patterns presented here. All diffraction patterns have been corrected for background scattering. The peak profiles in Figures 2  and 4 were obtained by averaging the intensity over a band of five to seven detector pixels wide. Distances in reciprocal space were measured between the maxima of allowed Bragg reflections, whose positions were determined by fitting Gaussian curves to their line profiles.
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